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The molecular specification of central circuits that co-
ordinate expression of innate behaviors in response
to specific sensory cues from the environment re-
mains a puzzle. In this issue of Neuron, Choi, Dong,
and colleagues used expression profiling and genetic
axonal tracing to visualize a hypothalamic point of
convergence for defensive and reproductive olfactory
cues that may function as a gating mechanism for
sensory activation of defensive responses over re-
production.
In natural environments, failure to learn survival skills
early can often prove fatal. Presentation of a test before
lessons are learned places a fitness premium on the
ability to form appropriate responses to unforeseen
challenges. Fortunately the brain comes ready-made
with circuitry that responds to certain essential environ-
mental signals, such as the scent of a predator, and
activates behavioral responses. Equally important is
the innate ability to mount behavioral and endocrine
programs that increase the likelihood of reproductive
success and the opportunity to pass on one’s genes
when presented with potential mates.
Neural pathways from the amygdala to the hypothal-
amus are known to play important roles in mediating
such innate social responses, yet little is known about
how their essential architecture is specified during de-
velopment. While it seems clear that neural pathways
mediating survival responses are genetically deter-
mined and that accurate performance does not require
extensive learning, how the appropriate response to a
given cue is chosen remains a mystery. Anatomical evi-
dence suggests that distinct components of the medial
amygdala innervate regions of the hypothalamus thought
to mediate copulatory and defensive behaviors (Sim-
erly, 1990; Simerly, 2002). Hypothalamic regions regu-
lating expression of these essential behaviors comprise
two parallel subcircuits in the hypothalamus. Defensive
behavior is primarily controlled by a circuit between the
anterior hypothalamic nucleus, the dorsomedial part of
the ventromedial nucleus of the hypothalamus (VMHdm),
and the dorsal premammillary nucleus. Reproductive
behavior is mostly dependent on the activities of the
medial preoptic nucleus and ventrolateral part of the
ventromedial hypothalamic nucleus (VMHvl), which playdecisive roles in male and female copulatory behavior,
respectively (Canteras et al., 1997; Swanson, 2000). Ol-
factory signals relayed to the hypothalamus by the
amygdala play a predominate role in initiating repro-
ductive and aggressive behavior in rodents through se-
lective activation of these hypothalamic subcircuits.
Thus, whether an individual mounts the appropriate re-
sponse depends on the coordinated activation of the
appropriate subcircuit by amygdalo-hypothalamic pro-
jections. While it appears logical that circuits con-
trolling incompatible behaviors should be separate,
progress toward understanding the neural substrate for
choosing the right response has been impeded by the
lack of cellular markers for functionally distinct limbic-
hypothalamic pathways.
In this issue of Neuron, Choi, Dong, and colleagues
take a new approach to this problem by identifying spe-
cific markers for neuronal subpopulations within the
amygdala and utilizing a transgenic neuronal labeling
strategy to identify their projections (Choi et al., 2005).
Previous work from David Anderson’s laboratory used
laser-capture microdissection and microarray expres-
sion profiling to identify genes that are enriched in vari-
ous parts of the amygdala (Zirlinger et al., 2001; Zir-
linger and Anderson, 2003). Here they present results
of a follow up in situ hybridization screen of approxi-
mately 100 genes, including many genes known to play
important roles in development of axonal projections in
other neural systems, that establishes a more spacially
restricted developmental expression profile. Both
approaches identified two LIM homeodomain genes
(Hobert and Westphal, 2000), Lhx6 and Lhx9, that are
expressed differentially in two components of the pos-
terior part of the medial nucleus of the amygdala
(MEAp). Lhx6 is expressed abundantly in the dorsal
part of the MEAp (MEApd); Lhx9 is expressed in the
ventral part of the MEAp (MEApv), but not in the
MEApd. In keeping with new genetic approaches to
neuroanatomy (Leighton et al., 2001; Shah et al., 2004;
Horowitz et al., 1999; Zou et al., 2001), Lhx6 and Lhx9
were then used to target the genetic axonal tracer pla-
cental alkaline phosphatase (PLAP) to each component
of the MEAp, allowing independent visualization of their
projection pathways. The labeling patterns revealed
that Lhx6-expressing neurons project preferentially to
hypothalamic nuclei involved in reproduction, while
neurons that express Lhx9 project to hypothalamic nu-
clei that make up the defensive circuit. Retrograde la-
beling experiments confirmed that Lhx6-expressing
neurons in both the MEApd and principal nucleus of
the bed nuclei of the stria terminalis (BSTp) project to
reproductive, but not defensive, circuit nuclei. The im-
portance of the retrograde labeling studies is illustrated
by the observation that Lhx9-expressing neurons in the
MEApv do not appear to project to either the anterior
hypothalamic nucleus or VMHdm. However, neurons in
the anterior part of the MEA that express another LIM
homeodomain protein, Lhx5, project primarily, if not ex-
clusively, to hypothalamic nuclei associated with the
display of defensive behavior.
Such functionally specific expression of LIM homeo-
domain transcription factors implies an important role
in specifying complementary projection patterns during
development. In the spinal cord, LIM proteins function
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526Sto specify axonal trajectories and target specificity of
4individual motor neuron subtypes (Jessell, 2000; Shira-
Ssaki and Pfaff, 2002). Whether LIM homeodomain tran-
Ascription factors act similarly to specify the architecture
Sof limbic-hypothalamic circuitry needs to be confirmed,
2
for this would imply that the “LIM codes” being defined
Sfor spinal motor neurons may generalize to forebrain
Scircuitry.
SIn addition to the anatomical studies, the authors
Zprovide new insight into how these pathways may
2operate as “choice points” between incompatible be-
Zhaviors. The pathway-specific projections of Lhx6-
A
expressing neurons in the MEApd show preferential
Z
activation by reproductive olfactory cues such as fe- L
male urine. In contrast, these cells appear unrespon-
sive to a predator stimulus, cat odor, which was effec- D
tive in activating neurons in the MEApv that do not
respond to reproductive odors. Moreover, the Lhx6
neurons in the MEApd appear to be inhibitory, while the
neurons in MEApv that respond to cat odor are excit-
atory, based on expression of chemical markers for
GABA and glutamate. The surprising finding that the
MEApv also contains a subpopulation of these neurons
that project to the VMHvl raises the possibility that the
reproductive part of the VMH represents a point of con-
vergence for limbic-hypothalamic pathways transmit-
ting olfactory cues for reproduction and defensive be-
havior. The authors propose that because the
projections from the MEApd are inhibitory, and those
from the MEApv excitatory, they may exert opposing
actions on GABAergic neurons in the VMHvl, thereby
allowing activation of reproductive circuits and sup-
pression of defensive behaviors when presented with a
reproductive stimulus. However, upon presentation of a
predator stimulus, excitation of GABAergic neurons in
the VMHvl by glutamatergic neurons in the MEApv
would interrupt reproductive behaviors in favor of de-
fensive actions that promote individual survival. Thus,
LIM homeodomain proteins may specify essential pat-
terns of connectivity and neurotransmitter phenotypes
that respond to behaviorally specific olfactory cues. Fu-
ture work will determine if this circuitry allows animals
to put love on hold and fight first, in order to live an-
other day to reproduce.
Richard Simerly
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